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On account of the great interest in solubility in general, and especially
in the possible relations between various physical and chemical properties
of solutes as well as of solvents and solubilities, numerous investigations
have been carried out. However, there is not yet a theory which enables us
to account for all types of solubility dada, although there is a definite trend
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as to what direction we should look for. Hildebrand gives an excellent
discussion in his book *‘ Solubility ”’ and he states in his introductory re-
mark, ‘‘ The solubility of one substance in another depends fundamentally
upon the ease with which the two molecular species are able to mix, and if
the two species display a certain hostility towards mixing, not only will
saturation be attained at smaller concentration, but in the unsaturated
solution the tendency to mutual segregation will give rise to a partial
separation or adsorption of one species at the surface, with a consequent
lowering of surface tension. It is likely also to give rise to an expansion
and absorption of heat upon mixing, phenomena not ordinarily connected
with solubility ’’. Thus the investigation of solubility is not only highly
practical, but also very fascinating and interesting from a theoretical
standpoint. With this view, the present author has undertaken the investi-
gation on some aspects of solubility of gases in various organie solvents.

In order to systematize various solubility data several attempts have
hitherto been done to find general laws which govern the solubility. We
have a great deal of evidences that polarity of substances involved has
much to do with the solubility. Still another criterion which has been
taken into account is the relations between the solubilities and the internal

pressures of substances, as measured by —T% which was proposed by

Dupré :0@ #

P\ _ _ma
T(ﬁ , =T, Q)

where a is the coefficient of expansion, 8 the coefficient of compressibility, and

the term T(—g;)v appears in the thermodynamic equation of state, namely
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The purpose of the present investigation is to see whether the solubility
of a relatively polar gas in various non-polar liquids can be correlated with
the various chemical and physical properties of these non-polar liquids.

(1) Dupré, Ann. chim. phys., 2 (1864), 201. )
(2) For fuller discussion of internal pressure, see ‘‘ Solubility " by Hildebrand, Chem.
Catalogue Co.
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As a polar gas hydrogen chloride®)® is chosen, and as non-polar Nquids
carbon tetrachloride, ethylene chloride, ethylene bromide, and 1,1,2,2-tetra-
chlorethane are selected.

Experimental Procedure. The method for measuring the absorption
of hydrogen chloride into these liquids consists in finding the volume of
hydrogen chloride absorbed by a given amount of these liquids. The
measuring apparatus of hydrogen chloride is a U-shaped gas burette which
is filled with mercury, and calibrated to 0.5 c.c., and can be read to 0.1 c.c.,
and at the same time the pressure of hydrogen chloride plus the vapour
pressure of the liquid used, which has absorbed hydrogen chloride also can
be read so that the amount of hydrogen chloride absorbed at various
pressures can be obtained. The U-shaped gas burette is provided with
water jacket. During a run there is practically no variation of tem-
perature, so that the water in the jacket is stopped from flowing. The
absorption vessel is about 80c.c. in capacity and connected to the gas
generating system through a capillary tube and also to an ordinary
mercury manometer with a stopcock to cut it off from the absorption
chamber during the absorption experiment. The vessel is also connected to
the graduated liquid reservoir at the top from which a given amount of
liquid is introduced into the absorption vessel after the vessel has been
evacuated. The whole absorption vessel is immersed in the thermostat with
constancy of £0.1°. Between the gas burette and the absorption chamber
a vessel of 335c.c. capacity is inserted as a gas reservoir which is also
immersed into the thermostat in order to make the gas to acquire the same
temperature as the liquid before entering the absorption vessel. Further-
more, in order to saturate the liquid with hydrogen chloride thoroughly, the
whole absorption apparatus is shaken by tapping from time to time until
there occurs no more absorption. One to one and a half hours are usually
sufficient to establish the equilibrium. Thus from the volume change in

(2a) Debye, * Polar Molecules,”” Chem. Catalogue Co.; F.I.G. Raulins, Z. Physik,
50 (1928), 440; J.H. Van Vleck, ‘‘ The Theory of Electric and Magnetic Susceptibilities,”
Oxford Press; L. Pauling, J. Am. Chem. Soc., 54 (1932), 988.

(2b) L. Pauling, * The Nature of The Chemical Bond. IV,” J. Am. Chem. Soc., 54
(1932), 3570.

(2¢) L. Pauling and J. Sherman, J. Chem. Phys., 1 (1933), 606.

(3) Recent development in the quantum mechanics seems to show that as far as the
valence in HCl is concerned it may be regarded perhaps more non- polar in nature, although
it is more or less accepted as a polar gas from the dielectric measurement and the direct
measurement of the electric moment by the molecular ray method. Zahn, Phys. Rev., 24
(1924), 400; Estermann and Fraser, J. Chem. Phys., 1 (1933), 390.
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the gas burette, the initial and final pressures, and the volume of the system,
the volume (4V') of hydrogen chloride actually absorbed into the liquid is
calculated.

The Materials Used. Hydrogen chloride was prepared by dropping
concentrated hydrochloric acid into pure concentrated sulphuric acid, pas-
sing the gas through two sulphuric acid bubblers, and condensing twice
with liquid nitrogen. Only the middle portion of it was used after passing
it finally through a calcium chloride tube before it was allowed to enter into
the burette and reservoir.

1,1,2,2-Tetrachlorethane (Kahlbaum’s product, b.p. 143.5—144°) was
distilled twice. The another sample of 1,1,2,2-tetrachlorethane was kindly
supplied by Dr. Fukagawa of the Institute of Physical and Chemical Re-
search, Tokyo, to whom the author wishes to express his best thanks.

Carbon tetrachloride (Kahlbaum’s produect, b.p. 76.0°), ethylene chloride
(Takeda’s product, b.p. 83.0°), and ethylene bromide (Takeda’s product,
b.p. 129.0°) were all distilled twice.

Results. For all of these organic liquids, the volume of hydrogen
chloride absorbed was plotted against respective pressures at which the
system finally reached an equilibrium, one of examples, of 1,1,2,2-tetra-
chlorethane being shown in Fig. 1, so that we can get the volume of the
gas to be absorbed at the total pressure of 760 mm. by either extrapolation
or interpolation as the case may be, and this is converted to mol fraction:
N'ua = nua | (Mac+Miquia). This corresponds to the solubility of hydrogen
chloride at the total pressure of 1 atmosphere expressed in mol fraction.
To find the value of the solubility of hydrogen chloride, i.e. Nuci, when
Puc equals 1 atmosphere, Henry’s law in the following form was used :

760
Pye

J— 7
Nua = Nua X

In order to find Puc, Raoult’s law was assumed to hold and the values of
the vapour pressures of the organic liquids were obtained from the Inter-
national Critical Table and those not given directly was calculated by the
equation :

10210Pm, =

££%@§XA+B. @

In the case of 1,1,2,2-tetrachlorethane the data for the above expression
could be obtained only for the range 26—145°, so that strictly speaking the
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vapour pressure calculation could not be correct, but, for the temperatures
15°, 20°, and 25°, calculation may not be so much far from the true values
even if we assume it holds for 15°, 20°, and 25°C.

Tables 1-4 show the results of the absorption experiments for 20 c.c. of
respective liquids at 15°, 20°, and 25°C. In Table 5, N, log N, and ' xlO“‘
for 15°, 20°, and 25° for each l1qu1d are listed, and log N plotted against
%« 102 as shown in Figs. 2-4. The heat of absorption "JH can be
calculated by

d( 1 ) 2.303x R
T

J4H for each liquid is also listed in Table 5.

Table 1. Absorption of Hydrogen
Chloride into 1,1,2,2-Tetrachlor-

ethane at 25°, 20°, and Prom,

15°C., per 20.0 c.c. / / |/
of C.H:Cl,. /

— 700
25°C. /
Vol. of :

: - 1
Exp. Pres ab%[)g:l.ed Mol Mo /

sure fraction per 600

reduced - 7
No. | pmm. | to Vase N cent. /
c.c.
739.0 112.66 0.0239 2.39

396.0 59.38 0.0128 1.28 /

614.6 94.18 0.0201 2.01
541.0 83.41 0.0178 1.78
442.0 68.04 0.0146 1.46

O Tk GO DD =

4935 | 74.90 | 0.0161 | 1.61 | 5o /

20°C.

400

VNN

T 786 | 122.06 | 0.0258 | 258 _
P e[ RE [ b [ 18 B
10 | 6316 | 10821 | 0.0229 | 2.29 I e oo 20
11 | 6800 | 11497 | 00243 | 2.43 )
12 | 6215 | 10625 | 00225 | 2.2

159G, 80 100 120 140
13 7 663.5 | 12430 | 0.0261 | 2.61
14 | 8845 | 72.81 | 0.0165 | 1.56 Vol. c.c.
15 | 72205 | 13384 | 0.0281 | 2.81
16 | 5738 | 10081 | 00281 | 2.31 Fig. 1.
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Table 2.

Absorption of Hydrogen
Chloride into Carbon Tetrachloride
at 256°, 20°, and 15°C., per

20.0 c.c. of CCly.

S. Hamai.
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Table 3. Absoi-ption of Hydrogen
Chloride into Ethylene Chloride

at 25°, 20°, and 15°C., per
20.0c.c. CquC]z .

25°C, 25°C.
Vol. of Vol. of
Exp. Pres- | absorbed Mol Mol Exp. Pres- | absorbed Mol Mol
sure | . egl‘)%: q | fraction | per sure | . e{lillS:le q | fraction | per
No. Pmm.| to Ve N cent. No. Pmm.| to Ve N cent,
C.C. Cc.C.
1 | 631.6 | 40.90 0.00817 | 0.817 1 | 6800 183.09 | 0.0201 | 2.91
2 | 7795 | 60.42 0.01200 | 1.200 2 | 467.5 | 123.49 | 0.0198 | 1.98
D) b e mm) | an| e | e | 0
4 1.5 | 81.09 0. .622 X 58.0 . .
b | 680.6 | 47.89 0.00955 | 0.955 20°C
6 | 580.0 | 37.86 0.00757 | 0.757 :
5 | 626.6 | 163.19 | 0.0268 | 2.68
20°C. 6 | 526,56 | 163.19 | 0.0268 | 2.58
7 [ 770.5 | 470.26 | 0.01380 | 1.380 7 | 540.0 | 164.64 | 0.0261 | 2.61
8 | 425.0 | 28.33 0.00663 | 0.563 8 | 600.0 | 192.45 | 0.0303 | 3.03
9 | 521.0 | 41.83 0.00829 829 9 | 731.5| 223.49 | 0.0350 | 3.50
10 | 572.0 | 44.22 | 0.00876 | 0.876 10 | 520.5 | 159.48 | 0.0253 | 2.53
15°C. 15°C.
11 | 614.0 | 59.89 0.01170 | 1.170 11 | 633.5 | 189.89 | 0.0298 98
12 | 4205 | 31.10 0.00613 | 0.613 12 | 342.56 | 118.80 | 0.0188 | 1.88
13 | 5155 | 47.24 0.00928 | 0.928 13 | 550.0 | 191.22 | 0.0300 | 8.00
14 | 664.0 | 64.99 0.01270 | 1.270 14 | 422.0 | 145.20 | 0.0229 | 2.29
Table 4. Absorption of Hydrogen Table 5
Chloride into Ethylene Bromide ’
at 250, 200, and 1500., per 15°C
20.0 ¢.c. CzH4Br:. : -
°C Substance | N(HCI) | log N | 1/Tx10?
vﬂfi 7 . C.H,CI, 0.03006 | 1.62201 | 3.471
: CCl, 0.01826 | 1.73860 | 3.471
Exp. | Pres- abserbed| Mol | Mol C,H,Cl; | 0.04377 | 1.35882 | 8.471
N sure | . duced | fraction | per C,HBr, | 0.03764 | 1.426561 | 3.471
% | Pmm. > Ezso N cent. 20°C,
T [ 6720 186.08 | 0.0260 | 2.69 C;H,Cl, [ 0.02744 | 1.56162 [ 8.411
2 | 65070 | 117.81 | 0.0206 | 2.06 GCl, 0.01650 | 1.80967 | 3.411
3 |3685| 8716 | 0.0153 .53 GC,H,Cl, | 0.03993 | 1.89870 | 3.4i1
g g%.g 122.33 8‘8%-? .g C,H,Br, | 0.03441 | 1.46332 | 8.411
. 20°C 25°C.
g R . T C,H,CI, 0.02481 | 1.60637 | 8.364
X 4. X . CCl, .01 .80: .
7 | 4585 | 11911 | 0.0207 | 2.07 G.HCI 3 oaggg i ﬂgg; g 355:
8 | 679.5| 179.78 | 0.0309 | 3.09 2 de - it d
9 496.0 129.53 0.0225 295 CyH,Br, | 0.03116 | 1.50640 3.354
15°C. Heat of Absorption, 4H/mol in cal.
: - C,H,ClI 3300
10 | 672.0 | 189.96 | 0.0325 25 LA
11 | 364.0 | 103.72 | 0.0180 .80 CCly 6100
12 | 531.0 | 154.62 | 0.0265 66 C,H,Cl, 3600
13 | 719.0 | 204.37 | 0.0348 48 C.H,Br, 3200
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log N log N :
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Discussion of Results. (a) Polarity in Connection with Solubility.
Whether certain liquids into which a gas is absorbed are polar or non-polar,
is very significant to the determination of the solubility of that gas. There
are quite convincing evidences for the effects of polarity on solubility.
Usually polar gases are more soluble in polar liquids than in non-polar
liquids, and non-polar gases more soluble in non-polar liquids than in polar
liquids. In other words, the degree of polarity plays a very important role.
The dielectric constant usually can be regarded as the most direct evidence
of polarity and the magnitude of it may be quite conveniently considered
as a measure of degree of polarity. According to Van Vleck,® ‘“ A mole-
cule may be defined as polar if it has a permanent electrical moment, i.e.
an electrical moment which is on the time average different from zero even
in the absence of external fields. A molecule without such a permanent
moment is termed non-polar’’. Then polarity of a substance can be
estimated from the electric moment of the molecule in question. Besides
these, other factors in the molecule such as chemical structure play im-
portant parts, that is to say, polarity is influenced by certain groups or
radicals such as —NH., —OH, —NO., = CO, ete. These groups sub-
stituted in the molecule usually contribute much to the polarity of the
substance in question, and the symmetry in the molecule seems to play a
very significant role in almost every possible case such as the degree of the
polarity as we find in the case of CCly, CHCl;, CH;Cl,, CH:Cl, C.H,Cl;,
CoH:Cls, ete., among which CCly is considered to be the most symmetrical
and hence the least polar.

Distinction between the polarity of the substances and that of the bond
should be carefully noted especially in connection with solubility. The
atomic volume is also considered to be an effective factor for determining
the polarity, those elements having higher atomic volumes give higher
polarity, and the element having the smallest atomic volume of all known
elements—carbon—gives the least polar compounds. There are still some
other factors which contribute much to the determination of polarity.®
Besides, the polar character of a substance is also dependent on the
so-called polar environment, as G.N. Lewis says, ‘‘ranging from the
extremely polar to the extremely non-polar...... Great as the difference
is between the typical polar and non-polar substance we may show
how a single molecule may, according to its environment, pass from th
extreme polar to the extreme non-polar form not per saltum, but by im-

(4) For fuller discussion on polarity, see the following : Debye, ‘ Polar Molecules”’;
G. N. Lewis, “ Valence and the Structure of Atoms and Molecules ’*; J. Am. Chem. Soc.,
35 (1913), 1448; J. Am. Chem. Soc., 38 (1916), 762*; J. H. Hildebrand, *‘ Solubility’’;
Van Vleck, “ The Theory of Electric and Magnetic Susceptibilities ”’.
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perceptible gradations, as soon as we admit that an electron may be the
common property of two atomic shells.”@* At any rate, the dielectric con-
stant does give a rough measure of the polarity of the molecule with some
exceptions. Therefore, it has been attempted to see any possible correlation
between the solubility of hydrogen chloride in the mentioned organic sol-
vents, and the polarity as measured by the dielectric constant, molecular
symmetry, electric moment, Eotvos’s constant, and the polarity with the
effects of substituents. These are tabulated in Table 6. The results
‘indicate that the solubility is in the order of increasing values of dielectrie
constants in the series of chlorine derivatives of hydrocarbon, i.e. hydrogen
chloride being the most soluble in ethylene chloride with the highest di-
electric constant 10.8 at 20°, next in tetrachlorethane with 8.2, and the
least in carbon tetrachloride with 2.24 ; the same could be said with regards
to the electric moment. In these cases, however, ethylene bromide does
not seem to be accounted in the same categories. With respect to Eotvos’s
constants, and the molar volumes of the solvents we can hardly find any
regularity.

Table 6.
_Eﬂé-l:vés’s const, [Solubility
Substance 30‘2 p-x 1018 M?:I.‘ :01' (121?3
) Cale. Obs. fraction
1,1,2,2-Tetrachlorethane 8.2 1.6 105.30 2.26 — 0.02744
Carbon tetrachloride 2.24 1] 97.10 220 | 210 0.01650
Ethylene chloride 10.8 1.8 78.90 216 | — 0.08993 -
Ethylene bromide 6.3 1.4 86.20 219 | 2.7 0.03441
Hydrogen chloride 1.03
Table 7. The electric moment of
; hydrogen chloride in various
ux 1018 Solvent Auth
HCI | olven uthors non-polar solvents has been
1256 Benzene repor\ste)d by Fred Fairbro-
}.323}1.3 8(:14 F. FairbrotherG | . ther.®® (Table 7)
. lohexan . .
yeloaexane Change in the effective
1.02 Ethylene bromide .
0.97 Ethylene chloride| F. Fairbrother(a) electric moment of hydrogen
1.26 Be“zenesh chloride was found not in-
i:tl}g4 Gasf"“s“ 2 ZB:ggnmiihl fluenced by solvents. From
1.48 » gril\l;oldhand Hassel| these we can say that, when
2.15 ”» | Falkenhangen the solvent molecules are as

(5a) F. Fairbrother, J. Chem. Soc., 1932, 43; 1bid., 1933, 1541; Hassel and Uhl,
Z. physik. Chem., [B], 8 (1930), 187.

(5b) Zahn, Phys. Rev., 24 (1924), 400; H. J. Braunmiihl, Physik. Z., 28 (1927), 141 ;
0. E. Frivold and O. Hassel, ibid., 24 (1923), 82; H. Falkenhangen, 7bid., 23 (1922), 87.
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polar as those of the solute or more polar as in the solution of
ethylene bromide and ethylene chloride, the electric moment is much
lessened ; this can be accounted parallel with the approximate proportion-
ality of the frequency shift with the electric moment of the molecules of
the solvent in ‘‘ Raman spectra of hydrogen chloride in non-ionizing sol-
vents ”” which was recently reported by W. West and P. Arthor.® This in
turn means, as they remarked, that a large part of the shift is due to dipole
interaction between solvent and solute molecules. The existence of dipole
interaction may indicate that hydrogen chloride has greater solubility in
ethylene chloride than in any other and the solubility is roughly in the
order of magnitude of the electric moment of the solvents; possibly it
means more dipole interaction in ethylene chloride than in others, which in
turn increases the solubility, and the fact that the electric moment of
hydrogen -chloride increases in such solvents as CCl; and benzene as given
by Fairbrother is true and the acecount that it is due to the stretching of
the molecule in solution is concordant with the fact that hydrogen chloride
is less soluble in CCl4 than in C:H,Cl; and C.H:Cl;s.

(b) Internal Pressure in Connection with the Solubility. Although there
is controversy as to whether the internal pressure as measured in various
different ways gives some correlation with solubility or not, it is very inter-
esting to see the actual cases. Those data selected and given in‘‘Solubility’’by
Hildebrand seem to give a very good criterion in the discussion of solubility,
but W. Kunerth™ has given some contradictory evidences to usefulness of
the internal pressure from the study of the solubility of CO and N-O in
some twelve organic liquids. Before we go into the detailed discussion of
our results in the light of the internal pressure it would be profitable to
state what we mean by the internal pressure of the liquid. Accepting a
definition given by Hildebrand internal pressure is the maximum negative
pressure that a liquid could support if no nuclei of vapour were allowed to
form. The internal pressure can be best estimated if the internal forces
which operate in liquid could be known well. We therefore, must have
definite knowledge, of their equation of state for liquid in question as

already stated, and of —TE— as a measure of internal pressure. Relative

internal pressure could be estimated in various ways, for instances, from
van der Waals’s equation, coefficient of expansion, heat of vaporization,

boiling points 5200—;3%’ , surface tension, and total surface energy.

(6) W. West and P. Arthor, J. Chem. Phys., 2 (1934), 215.
(7) W. Kunerth, Phys. Rev., 19 (1922), 512.
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The values of the internal pressure are not quite concordant as the
methods of caleulation differ and it is very difficult to find what method
we should most rely upon in correlation with solubility. Some of these
values of the relative internal pressure from various methods are tabu-
lated with our solubility data in Table 8. As far as the comparison in the
table is concerned, we hesitate to draw any definite conclusion upon this
point.

Table 8.

o Ma- |Suther- 1| (n—1)L| (52004 | Van N _:“

Subst. | T |thews®| land® | Z/V |75 | 304)/V [Laar'sa] TV ‘ @)
col, | {362°) 2600 | 490 | 143 | 308 | 7706 | 496 | 678 | 0.01660 |

CHBr, |{f120"| 3900 | 710 | 17.2 | 422 | 10528 | 549 | 87 l* 0.03441

C,HCl, | 4163 — — 17.0 46 | 97.45 | 475 ‘ 7.5 | 0.03993

CH(Cl, | — - — | 1568| 868 | 90.72| &5 | 771 0.02744

| | ]
Table 9. With exception of C;H,Br:, the
solubilities of hydrogen chloride in
Bond Bond energy in v.e.(?b)c) . . S
&y these liquids lie in the order of
c — ¢l 3.2200 their relative internal pressures.

¢ — Br 26000 After taking the polarity and
C—H 434 the internal pressure into conside-
c—C 3.6 ration of influencing factors of the
solubility of hydrogen chloride gas
Substance | Total bond energy in v.e.() in each case, we find that C,H,Br,
comes out to be exceptional in these
ccl, 12.88 discussions, hence we must look for
CH,Br, %674 some additional causes. Not only
C,H,Cl, 27.40 the dielectric constant for determin-
C.H,Cl, 25.16 ing the polarity of molecule, but
also other properties of it should

(8) J.H. Hildebrand, Phys. Rev., 34 (1929), 649,

(9) “ Solubility ”’ by J. H. Hildebrand.

(10) Average of values of the various authors are used :

A. Sherman and C. E. Sun, J. Am. Chem. Soc,, 56 (1934), 1099.

(11) ““The observed energy of the molecule is equal to that calculated for an assumed
distribution of bonds or differg from it in the direction corresponding to greater stability in
accord with the quantum mechanical requirement that the actual energy for the normal
state of any system is the lower limit for values of the energy integral calculated for any
wave function”’, L. Pauling and J. Sherman, J. Chem. Phys., 1 (1933), 607.
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be taken iqto account. For instance, the kind of halogen substituted and
chemical stability as estimated from the relative strength of bonds involved
in the compound : o
~Total bond energy

C:HCl, > CoH®Br. > CHCly > CCl

Solubility
CgH;C]z > 02H4B1‘2 > CgHzC].; > CC]@

‘The solubiliby of hydrogen chloride lies in the order of the strength of
bonds as estimated by total bond energy similarly calculated as L. Pauling
has done by assuming the additivity of energy. The strength of bonds as
indicated by the total bond energy can be interpreted that those with larger
bond energy are more capable of standing against external disturbances
such as stretching or compression of bonds in these compounds effected as
the solute molecules dissolve into them; in other words, those solvents
with higher bond energy are possibly more capable of holding more solute
molecules.

Summary. -

(1) Absorption of hydrogen chloride into CCl;, C:H,Clz, C-H:Cl; (1,1,

2,2), and CzH,Br; at 15°, 20°, and 25°C., has been studied.

(2) The heats of absorption of hydrogen chloride into these solvents
were calculated. _ ;

(8) The relations between the solubility and polarity of organic liquids
involved, and also the internal pressure have been discussed.

(4) The solubilities of hydrogen chloride in these liquids have been found
in the order of increasing bond energies of the liquids calculated similarly
as Pauling has done, and a possible explanation of it has been suggested.

In conclusion, the author wishes to express the best thanks to Prof. S.
Mitsukuri for his kind advices and suggestions in the course of this investi-
gation, also thanks that a part of the expenses has been paid from the
grant given to Prof. S. Mitsukuri by the Saito Gratitude Foundation.

Laboratory of Theoréte'cal Chemistry,
Fuculty of Science, Tohoku Imperial University,
Sendai, Japan.



